C hagas' disease, caused by the obligate intracellular parasite Trypanosoma cruzi, remains a major cause of heart failure in South and Central America. Chronic inflammation of the heart, gastrointestinal tract, and/or CNS are central features in the pathophysiology of Chagas' disease (1) . In natural T. cruzi infections transmitted by a triatomine insect, metacyclic trypomastigotes are deposited on the skin of the host. They penetrate the skin and enter through accidental host self-inoculation by mechanical means, for example, rubbing parasites into skin abrasions or through the mucosa (1) . Establishment of Chagas' disease and associated pathology requires that some parasites survive the local immune response and migrate to distal sites. Given that variable degrees of virulence have been demonstrated in experimental models of infection (2, 3) for some of the Ͼ100 T. cruzi strains (4), it is possible that differences in virulence may be related to the ability of parasites to trigger and/or survive the initial immune response elicited at the initial site of infection.
Findings from several laboratories provide strong evidence that components of the host innate immune system play a key role in controlling T. cruzi replication during the acute stage of infection and for initiation of adaptive immunity (5) (6) (7) (8) (9) (10) . The induction of proinflammatory cytokines by T. cruzi through TLR2 and TLR9 signaling is a critical factor in host defense, as mice lacking the TLR adaptor MyD88 are unable to control infection (11) (12) (13) (14) . Similarly, IFN-␥ is an absolute requirement for protection against T. cruzi (7, 15) . IFN-␥-activated macrophages, which represent an important source of protective proinflammatory cytokines (16, 17) , can efficiently kill intracellular parasites via NO-dependent mechanisms (6, 18) . Additionally, cytokines such as TGF-␤ and IL-10, which inhibit IFN-␥ production by T cells, are known to increase disease susceptibility in murine models of T. cruzi infection (8, 19 -21) . NK cells, neutrophils, and T cells are all potential sources of IFN-␥ in pathogen-infected animals. Depletion of NK cells abolishes the first wave of IFN-␥ production in splenocytes isolated from T. cruzi-infected mice (22) , indicating that NK cells are primarily responsible for the initial wave of IFN-␥ production. Additionally, NK cell depletion resulted in increased susceptibility of mice to T. cruzi, demonstrating the importance of this innate compartment in controlling parasite infection (23) . Similar studies reveal a critical role for neutrophils in controlling parasitemia and providing resistance to mortality in a manner that is dependent on the particular combination of host and parasite strains used (24) .
Analysis of global changes in host gene expression in response to pathogen infection is a reliable and comprehensive method to characterize biological pathways and molecules modulated as a consequence of host-pathogen interactions (25, 26) . Previously, we employed human cDNA microarrays to examine the early host transcriptional response elicited by T. cruzi infection of cultured human dermal fibroblasts (27) . Minimal changes in host cell gene expression were observed at early time points of infection with selective repression of regulators of extracellular matrix synthesis observed in T. cruzi-infected fibroblasts at time points less than 6 h postinfection (27, 28) . By 24 h, the host response was characterized by a dominant type I IFN response, triggered by IFN-␤ synthesis and secretion by T. cruzi-infected cells (27) .
In contrast to the obvious role of IFN-␥ in controlling T. cruzi infection, the contribution of type I IFNs in shaping the immune response to T. cruzi infection is less certain, as the existing data present conflicting views (11, 29, 30) . In general, type I IFNs have emerged relatively recently as important immunomodulatory cytokines that can influence disease progression in nonviral pathogen infections (31, 32) where both protective and detrimental effects have been ascribed to this group of cytokines depending on the context of infection (31, 32) . For example, the role of type I IFNs can differ in an experimental model when infecting dose or route of infection of a pathogen is varied (31) . Thus, it is likely that similar variables influence the role of type I IFNs in T. cruzi infection. Experimental models of T. cruzi infection most often employ an i.p. route of inoculation and subsequent examination of immune responses in the spleen or peripheral organs such as the heart and skeletal muscle days and weeks following infection (33) (34) (35) (36) (37) . Few studies have addressed the local immune response and cellular events occurring in the skin or mucosa (38 -40) , which represent the sites of inoculation in natural infections. The early host response at the site of infection may be key in determining the ability of the parasite to establish a successful infection in the host. To date, however, the nature of the early host transcriptional response to T. cruzi infection has not been addressed. The goal of the present study was to examine the initial host-parasite interaction in vivo by monitoring changes in global host mRNA levels at the site of intradermal (i.d.) 4 infection of mice with T. cruzi. These studies reveal a robust type I IFN response triggered in the skin of infected mice by virulent parasites that was muted following infection with less virulent parasites.
Materials and Methods

Parasite culture and infection of mouse embryonic fibroblasts (MEF)
Tissue culture-derived T. cruzi trypomastigotes were generated by weekly passage in confluent monolayers of LLcMK 2 cells in DMEM containing 2% FBS (DMEM-2) as described previously (41) . Parasites were washed three times in DMEM-2 before infection of MEF. MEF were maintained in DMEM containing 4.5 g/L glucose and 110 mg/L sodium pyruvate (Invitrogen) supplemented with 10% FBS, 2 mM glutamine, and 100 g/ml penicillin/streptomycin (DMEM-10). Semiconfluent monolayers grown in 6-well plates were incubated with 5 ϫ 10 7 parasites per well for 2 h at 37°C, 5% CO 2 . Remaining extracellular parasites were removed by washing cells three times with PBS, and DMEM-2 was added and incubated for 16 h. Total RNA was harvested with the Qiagen RNeasy Mini kit.
Mouse infections
Trypomastigotes harvested from culture supernatants were washed twice in sterile 0.9% saline or serum-free Dulbecco's minimal medium. Trypomastigotes (1 ϫ 10 6 ) in 100 l of saline or DMEM were injected i.d. into the skin of shaved 16-to 18-g mice. Control mice were injected with the same volume of saline or DMEM. BALB/c mice (Charles River Laboratories) were used in all experiments except when testing IFN-␥ Ϫ/Ϫ mice, when BALB/cJ and C.129S7(B6)-Ifng tm1Ts /J (Jackson ImmunoResearch Laboratories) were used, or when testing type I IFN receptor (IFNAR) Ϫ/Ϫ mice, when 129 mice (Charles River Laboratories) and IFNAR Ϫ/Ϫ mice on a 129 background (provided by Dr. Herbert Virgin, Washington University, St. Louis, MO) were used. The site of injection was marked, and 2 or 24 h postinfection, the marked area of skin (ϳ75 mm 2 ) was excised from euthanized mice and immediately frozen by immersion in liquid N 2 . When indicated, parasitemia was monitored in peripheral blood of infected mice acquired by tail bleed by microscopic examination of nonfixed blood.
RNA extraction from frozen skin samples
Frozen tissue was mixed with TRIzol reagent and homogenized using an Omni International tissue homogenizer or Lysing Martrix D (Qbiogene) and the FP120 machine (Savant). RNA was extracted from homogenized tissue using TRIzol reagent (Invitrogen) according to the manufacturer's RNA isolation protocol. The RNA was then purified using the RNeasy kit (Qiagen) according to the RNA cleanup protocol.
DNA microarray hybridization and analysis
RNA extracted from mouse skin was processed for hybridization to the 430 2.0 mouse array containing 45,101 genes (Affymetrix) following the onecycle eukaryotic protocol (42) . Chips were washed, stained, and scanned following the standard Affymetrix protocol (42) at the Harvard University Biopolymers Core Facility. Expression data generated by the Affymetrix Microarray Suite (version 5.0) were exported into GenePattern Software v2.0 (43) and normalized using ExpressionFileCreator under default settings to do robust multiarray average with quartile normalization, background correction, and median scaling. PreprocessDataset was used to set minimum and maximum thresholds of 50 and 20,000 expression units, respectively, and set minimum changes at 2-fold. Any genes that did not vary in any of the 33 arrays by the criteria of the preprocessing were eliminated from further analysis. ComparativeMarkerSelection was applied to the preprocessed datasets using default settings (two-sided t test) to determine which genes were significantly changed between experimental groups. Genes that were significantly changed were defined as those genes with statistically significant differences (false discover rate (FDR) Ͻ 0.05) of at least 2-fold. Heatmaps were created using HierarchicalClustering. IFN-stimulated genes (ISGs) were defined as all genes containing the term "IFN" in their gene description, gene product, gene function, gene ontology, target description, gene title, protein domains, or InterPro description (208 genes, supplemental Table SII) . 5 Data were also analyzed through the use of Ingenuity Pathway Analysis (Ingenuity Systems, www.ingenuity. com). The array data are deposited in the Gene Expression Omnibus database repository (http://www.ncbi.nlm.nih.gov/geo) under accession no. GSE13522.
Histopathological analysis
Skin tissue and organs were fixed in formalin for 12-24 h and then suspended in 70% alcohol. Paraffin embedding, sectioning, and H&E staining was performed at the Rodent Histopathology Unit, Harvard Medical School (Immunostaining using anti-MAC3, anti-CD3, or antimyeloperoxidase was performed at the Hematopathology Unit). (Brigham and Women's Hospital, Boston, MA).
Quantitative RT-PCR
cDNA from total RNA from cell lysates or skin was generated using the SuperScript II RT kit (Invitrogen). cDNA templates were used for a quantitative real-time PCR using an ABI 7000 or ABI 7300 real-time PCR machine (Applied Biosystems). The relative level of gene expression was determined by the comparative threshold cycle method as described by the manufacturer, whereby data for each sample were normalized to gapdh and expressed as a fold change compared with untreated or uninfected controls. For quantization of ifnb and gapdh, mouse ifnb (Mm00439546_s1) and mouse gapdh (4308313) TaqMan gene expression assays were used (Applied Biosystems). Specific primers and probes were designed using the Primer Express program (Applied Biosystems) for irf1 and stat1. For reactions, 20 nM each irf1 primer (forward, 5Ј-GTGTCACCCATGCCT TCCA-3Ј; reverse, 5Ј-CTCAGACTGTTCAAAGAGCTTCATAAG-3Ј) and 10 nM FAM-labeled probe (FAM-CTCCGAAGCCGCAACAGAC GAGG-TAMRA) and each stat1 (forward, 5Ј-CTCTGGAATGATGGGT GCATT-3Ј; reverse, 5Ј-AGCTCTCACTGAATCTAAGC-3Ј) and 10 nM FAM-labeled probe (FAM-AGAACGCGCTCTGCTCAAGGACCA-TAMRA) were used.
Neutrophil depletion
Abs specific for neutrophils RB5-Ly6G (BD Biosciences) or the control IgG (BD Biosciences) were injected i.p. 24 h before the infection, and animals were monitored for 1-5 days. Tail bleeds were performed every day and parasitemia per milliliter was estimated by counting at least 100 fields (ϫ40) in undiluted or 1/10 diluted blood. Neutrophil counts were monitored daily by Giemsa staining of blood smears. The Ab was effective in depleting neutrophils by 90 -95% up to 4 days after Ab injection.
NK cell depletion
NK cells were depleted in vivo with a rabbit anti-asialo polyclonal antiserum (Cederlane Laboratories). Anti-asialo antiserum (50 l) was injected i.p. on days Ϫ3 and Ϫ1 before infection with T. cruzi. Control mice were injected with 50 l of normal rabbit serum. To check for NK cell depletion, blood from a group of mice was collected on the day mice were to be injected. One hundred-microliter aliquots of blood were washed in 500 l of FACS buffer (PBS, 0.5% BSA, 0.1% sodium azide), and RBCs were lysed in Boyle's solution (155 mM NH 4 Cl, 10 mM KHCO 3 , 123 M EDTA) for 1 min and washed twice in FACS buffer. Cells were stained on ice for 20 min with rat anti-mouse CD3/allophycocyanin (Serotec) and rat anti-mouse CD49b/pan-NK cell (DX5)/PE (BD Biosciences) with purified anti-mouse CD16/CD32 FcBlock (BD Biosciences). CD3/PE (BD Biosciences) was used as a positive control, and appropriate isotype controls were used for each dye (BD Biosciences). After staining, cells were washed three times with FACS buffer and resuspended in 1 ml of FACS buffer. Acquisition of cells was performed using a FACSCalibur flow cytometer (BD Biosciences). A minimum of 20,000 events were acquired for analysis. Cell populations were analyzed using CellQuest software (BD Biosciences).
Results
IFN-stimulated genes are highly up-regulated in skin at the site of T. cruzi infection
Previous studies examining global changes in host cell gene expression following T. cruzi infection of isolated human dermal fibroblasts or mouse macrophages revealed significant up-regulation of IFN-␤ and ISGs by 24 h (11, 27, 29) . To investigate the early host transcriptional response to T. cruzi in vivo, BALB/c mice were injected i.d. with trypomastigotes and the skin surrounding the injection site was excised at 24 h postinfection. Transcriptional responses to T. cruzi infection were determined using mouse Affymetrix oligonucleotide arrays. Genes that were induced or repressed in T. cruzi-infected samples were identified as those that were significantly (FDR Ͻ 0.05) changed by at least 2-fold as compared with mock-infected controls. Three hundred eighty-one genes were up-regulated with T. cruzi infection and no genes were significantly down-regulated (Fig. 1A and supplemental Table SI) . Comparisons of T. cruzi-induced genes to canonical pathways using Ingenuity Pathway Analysis software reveals significant overlap with the "IFN signaling" and "role of pattern recognition receptors in recognition of bacteria and virus" categories, in addition to several other pathways related to immune system recognition and signaling (Fig. 1B) . Some of the up-regulated genes likely reflect the presence of infiltrating cells. For example, a significant increase in granzyme A and granzyme B transcript abundance was observed in infected mice, suggesting recruitment of NK cells or CTLs to the T. cruzi inoculation site by 24 h. Additionally, the induction of several chemokine genes related to leukocyte recruitment (cxcl9, 10, and 11 and ccl2, 5-9, and 12) as well as several genes selectively expressed in macrophages and lymphocytes ( fcgr1, cd86, hk3, sell, and saa3) (supplemental Table SI) suggest that macrophages, neutrophils, and dendritic cells have been recruited to the T. cruzi infection site.
The robust up-regulation of ISGs in response to T. cruzi suggests that this major response is driven by IFNs produced at the site of infection. No gene ontology list exists specifically for ISGs; however, one was created as described in Materials and Methods, and it was determined that T. cruzi-induced genes significantly overlap with the list of ISGs (55 of 208 ISGs). Increased expression of the ISGs (irf1 and stat1) in T. cruziinfected skin was confirmed by quantitative RT-PCR, which revealed an 8-to 10-fold increase in transcript abundance in T. cruzi-infected animals as compared with saline-injected controls (Fig. 1C) . The expression of many ISGs can be triggered by both type I and type II IFNs; however, isg15 and mxa, both of which are up-regulated in skin upon T. cruzi infection, have been shown to be specifically induced by type I IFNs and not (Fig. 2) . This was in contrast to control mice, which displayed accumulation of mononuclear cells and PMNs mainly in the collagenous layer beneath the epidermis, presumably associated with the wound healing process. Immunohistochemical staining identified the PMNs as neutrophils at 2 h and confirmed the presence of macrophages and neutrophils at 24 h postinfection (Fig. 2, B, C, F , and G, and data not shown). Immunohistochemical staining revealed few CD3 ϩ T cells in tissue sections from either T. cruzi-infected or control mice at 24 h, with no discernable differences having been found between the two groups (Fig. 2, D and H) . These results are consistent with previously published experiments that examined the host cellular immune response to the site of i.d. infection (40) and were predicted based on the up-regulation of lymphocyte-specific genes revealed by microarray analysis as discussed previously. The kinetics of immune cell recruitment observed here are typical of the cellular immune response generated to infection with many pathogens. Combined with results from the microarray experiments, these observations suggested that early neutrophil and NK cell recruitment to the T. cruzi infection site within the first 24 h of infection may be responsible for production of IFN and induction of ISGs observed 24 h postinfection by microarray analysis and quantitative RT-PCR (Fig. 1) .
Neutrophils and NK cells do not drive the early IFN response to T. cruzi infection
Activated T cells, NK cells, and neutrophils have all been reported to produce IFN-␥ in response to T. cruzi infection (5, 29, 47). As there was no appreciable recruitment of T cells to the site of infection at 24 h, we first examined the role of neutrophils that migrate rapidly to the site of inoculation. To deplete mice of neutrophils, mice were treated with RB5-Ly6G Abs for 24 h before infection with T. cruzi. Total neutrophil counts in blood were examined daily by Giemsa staining, and neutrophil levels were 90 -95% lower in mice injected with specific Ab as compared with mice treated with control IgG over the course of the experiment. Using the relative abundance of irf1 and stat1 transcripts as a proxy for the IFN response in the skin of control or neutrophildepleted mice following T. cruzi infection, we observed no significant difference in expression of these ISGs following depletion of neutrophils (data not shown). Although histopathological examination confirms that neutrophils are rapidly recruited to the site of infection, we conclude that these cells are not crucial for the early IFN response.
Microarray analysis demonstrated that at 24 h postinfection there was an increase in transcripts from several NK cell-related genes, including gzma and gzmb. Based on these transcriptional differences in total RNA from the site of infection in conjunction with the apparent absence of T cell recruitment at this early time point (Fig. 2, D and H) , we hypothesized that NK cells are recruited to the site of infection to a greater extent in comparison to the site of mock infection. To determine the role of NK cells on the local host transcriptional response at the site of infection, NK cells were depleted with the anti-asialo Ab before infection. NK cell depletion was demonstrated by FACS analysis, where CD49b ϩ cells were reduced by 65-73% in the peripheral blood (data not shown). Microarray analysis of skin from control and NK-depleted T. cruzi-infected mice revealed that parasite infection failed to elicit a significant increase in granzyme A and granzyme B transcript abundance as compared with parasite-infected, NK cell-replete mice (Table I) . These data confirm both the early recruitment of NK cells to the site of infection and defective NK cell recruitment following depletion of this population of cells from peripheral blood. Strikingly, reduced NK cell recruitment to the site of T. cruzi infection had minimal impact on the early host transcriptional profile as detected by microarray analysis, where only 15 of the 381 genes significantly up-regulated by T. cruzi infection were found to be altered by NK cell depletion (Table I) . Taken together, these data indicate that although NK cells and neutrophils are recruited to the site of T. cruzi infection within 24 h, at this time point these populations of cells do not contribute significantly to the local host transcriptional response and are not necessary to promote the early IFN response.
The early IFN response to T. cruzi is largely dependent on type I IFNs
The results of neutrophil and NK cell depletion suggested that infiltrating IFN-␥-producing immune cells are not required to elicit the robust IFN response observed at the site of T. cruzi infection. However, it is still formally possible that in the absence of either cell population, redundant sources of IFN-␥ drive this host transcriptional response at the site of infection. To directly test the role of IFN-␥ in the early host transcriptional response to T. cruzi, IFN-␥ Ϫ/Ϫ and wild-type BALB/cJ mice were infected i.d with T. cruzi for 24 h. Microarray analysis clearly shows that the local IFN response observed at 24 h postinfection was still prominent in the absence of IFN-␥ (Fig. 3) . Although there was some dampening of the level of induction of ISGs in IFN-␥ Ϫ/Ϫ mice, the profile of ISGs up-regulated with T. cruzi infection remained largely unchanged. Thus, despite the critical role for IFN-␥ in controlling T. cruzi infection at later time points (6, 7, 15) , our microarray data indicate that this cytokine is not required for the early IFN response triggered at the site of parasite infection. In comparison, to directly test the role of type I IFNs in the early host transcriptional 
Level of IFN-␤ induction in vitro directly correlates with virulence in mice
To better understand the correlation between type I IFN induction at the site of infection and parasite virulence, we tested the ability of three strains of T. cruzi, with varying levels of virulence in mice, to induce IFN-␤ in MEF and examined the host transcriptional response at the site of infection in all three strains. Y strain, which was used in the experiments outlined above, has an intermediate level of virulence in experimental infection of BALB/c mice, causing parasitemia and pathological changes in mice but not mortality at a dose of 10 6 parasites (Fig. 4B) . In contrast, Brazil strain is highly virulent in mice and causes parasitemia in BALB/c mice at doses as low at 10 parasites and mortality at infecting doses of Ն10 3 (data not shown). At a dose of 10 6 parasites the Brazil strain causes severe parasitemia and mortality within 3 wk (Fig. 4B) . The G strain is a largely avirulent parasite that causes no detectable parasitemia in mice infected with doses of up to 2 ϫ 10 7 parasites (Fig. 4B) . Although no detectable level of parasitemia was seen with G strain infection, histological straining at 16 days postinfection demonstrated that G strain does establish a low level of infection, as evidenced by mild cellular infiltrate in the heart and skeletal muscle and a very low parasite burden in these organs. Histological staining of organs from mice infected with all three strains at 16 days postinfection revealed that all three strains are capable of establishing infection and that the changes in pathology and tissue parasite load directly correlated with parasitemia (data not shown).
Despite the fact that there was no significant difference in levels of infection in vitro (data not shown), the three parasite strains tested induced significantly different levels of ifnb in MEF (Fig.  4A) . The Brazil strain induced the highest level of ifnb in MEF, with an average induction of 1.4 ϫ 10 5 -fold compared with uninfected controls. The Brazil strain induced 36-fold higher IFN-␤ than did the Y strain and more than 3 logs higher ifnb than did the G strain. These data suggest a potential correlation between the level of ifnb induction in vitro and virulence in mice.
Host transcriptional responses at the site of infection display strain-dependent differences
Having established that the host transcriptional response to T. cruzi is dominated by a type I IFN response, and that different strains induce different levels of ifnb in MEF, we next examined the host transcriptional response to each of these strains at the site of i.d. infection in mice. Applying the same statistical criteria to each strain (FDR Ͻ 0.05 and level of induction Ն2-fold), we found that the Y, Brazil, and G strains induced 381, 221, and 89 genes, respectively (supplemental Tables S1 and SIII) . In all, the three strains induced a total of 396 genes, consisting of 301 unique genes with annotated descriptions. Of the 301 unique genes, 70 were induced by all three strains ( Fig. 5A and supplemental Table SIV) . There were 136 genes uniquely up-regulated by Y strain, 9 genes uniquely up-regulated by Brazil strain, and 1 gene uniquely upregulated by G strain (Fig. 5A and supplemental Table SIV ). Many of the uniquely up-regulated genes belonged to similar gene families, suggesting a difference in the level, rather than the type, of response generated by the three strains. While all three strains induced ISG expression at the inoculation site, they differed in the level of induction, suggesting that the three strains vary in the extent of induction rather than in the diversity of the IFN response (Fig. 5B) . Among the 55 up-regulated ISGs we examined, we found that Y and Brazil strains elicit a more robust induction of ISGs than does the less virulent G strain (Fig. 5B) , consistent with the in vitro data. Collectively, these results demonstrate that strainspecific differences in the level of IFN response induced by T. cruzi at the site of infection in mice might be related to virulence.
Discussion
Host immune and cellular responses occurring during acute and chronic Chagas' disease have been well described in experimental mouse models of T. cruzi infection (48) . From these studies, it is clear that both innate and adaptive immunity play crucial roles in controlling parasite infection. Most of these studies have employed i.p. delivery of T. cruzi trypomastigotes and have examined events in the tissues where T. cruzi causes pathology. In contrast, considerably less is known about the local events occurring at sites that mimic natural infection, such as the skin or mucosal membranes, which are initially breached by the parasite.
To gain insight into the early host-parasite interaction occurring at a local infection site, we analyzed the host transcriptional response in the skin 24 h following i.d. infection with T. cruzi. Among the most highly up-regulated genes in the skin are a group of ISGs that are also up-regulated following depletion of IFN-␥-producing immune cells (NK cells and neutrophils) and in IFN-␥ Ϫ/Ϫ mice. These findings point to a role for type I IFNs in driving the early transcriptional response at the site of T. cruzi inoculation in the skin, which was confirmed by the significant decrease in the induction of ISGs in IFNAR Ϫ/Ϫ mice. Our data demonstrate a role for type I IFNs in shaping the early host transcriptional response following T. cruzi infection in the skin. Additionally, these in vivo findings agree with in vitro studies in which T. cruzi elicits a robust IFN-␤-dependent transcriptional response in isolated dermal fibroblasts (27) , macrophages (11, 29) , and in a variety of other nonimmune cell types (J. Costales, J. Daily, and B. Burleigh, manuscript in preparation). Given that most cell types are able to produce type I IFNs and display IFN receptors, both resident and infiltrating cell types could contribute to the early IFN response observed at the site of T. cruzi inoculation in the skin. A potential sequence of events could include the rapid induction of type I IFNs and other cytokines in resident skin cells as well as infiltrating cells as a result of invasion or contact with T. cruzi. IFN-mediated induction of ISG expression by cells exposed to secreted cytokine in the vicinity would serve to amplify the signal, producing the transcriptional response that is detectable by microarray analysis. Thus, the differential ability of T. cruzi strains to trigger type I IFN expression in resident cells and/or to recruit immune cells that would respond to secreted IFN likely account for differences in the level of ISG induction at the site of infection in response to different parasite strains. It could also be insightful to determine what aspects of the host transcriptional response are local and which are systemic. It is conceivable that certain aspects of the host transcriptional response to T. cruzi at the site of infection are also generated at distal sites. Understanding the local and systemic host responses to the pathogen throughout the course of infection will be helpful in fully elucidating the molecular mechanisms of infection and pathology in T. cruzi infection.
In addition to the induction of type I IFNs, T. cruzi also triggers proinflammatory cytokines through the recognition of parasite GPI anchors and DNA by TLR2 and TLR9, respectively (13, 14) . Although neither a pathogen-associated molecular pattern recognition molecule nor the precise signaling pathway involved in T. cruzi-induced type I IFN production is known, we have previously demonstrated that T. cruzi induces IFN-␤ in both immune and nonimmune cells through a novel TLR-independent pathway (49). However, it is recognized that the innate immune response to T. cruzi is complex and that signaling through both the TLR-dependent and TLR-independent pathogen recognition pathways contribute to shaping the overall transcriptional response to this pathogen.
Although type I IFNs have been traditionally recognized as important mediators of antiviral immunity, this class of cytokines exerts important immunomodulatory roles by regulating aspects of the innate and adaptive arms of immunity (31, 32, 50, 51) . With respect to its role in infection of nonviral pathogens, type I IFNs have been shown to be protective or detrimental for the host depending on the pathogen studied, the infecting dose, and the route of inoculation (31, 32) . Studies in which IFN-␣/␤ was administered exogenously, the timing of administration relative to the timing of infection with the intracellular pathogens Chlamydia trachomatis (52) or Leishmania major (53) affected the outcome of infection. When infected with Listeria monocytogenes, mice lacking the IFN-␣/␤ receptor (IFNAR Ϫ/Ϫ ) are less susceptible to infection, where the difference is most pronounced following inoculation of a lethal dose of bacteria (31, 54 -56) . Along these lines, variable results have arisen from studies of experimental T. cruzi infection of IFNAR Ϫ/Ϫ mice. Two studies have proposed a host protective role for type I IFNs (11, 30) , contrasting with an earlier report indicating that type I IFNs exacerbate symptoms of disease (29) . Interestingly, a recent report demonstrated that Trypanosoma brucei infection also induces a type I IFN response in vivo, demonstrating that the induction of type I IFNs also occurs in response to other Trypanosoma species. In this report, the type I IFNs provided some enhancement of early control of parasitemia but contributed to diminished IFN-␥ production and loss of resistance at later time points (57) .
The complex role of type I IFNs in response to other nonviral pathogens suggests that the downstream immunomodulatory effects of type I IFNs are influenced by both host and pathogenderived mechanisms (reviewed in Ref. 31) . Results of the present study reveal that T. cruzi strain differences influence the degree of type I IFN response observed both in vitro and in vivo. Moreover, the overall IFN response loosely correlates with parasite infectivity in mice. Y and Brazil strains, which cause a level of parasitemia measurable by microscopic examination of blood smears, both generate a robust type I IFN response in vitro and in vivo. In contrast, G strain, which is largely avirulent in experimental mouse models, produces a minimal IFN response in infected fibroblasts in vitro as well as in tissue at the site of inoculation. Upon closer examination of the overall transcriptional response in the skin, we noted that the Y strain induced more ISGs and leukocyte-specific genes compared with the Brazil or G strains. Our data suggest that, despite a correlation between level of IFN-␤ induction in vitro and parasite virulence, there is unlikely a direct causal relationship between the induction of type I IFN 24 h after T. cruzi infection and the overall virulence profile, which is likely to involve a number of host and parasite factors. However, our findings do suggest that type I IFNs may play an important role in establishment of T. cruzi infection in mice.
In addition to the potential role of host and pathogen-derived mechanisms on the downstream effects of type I IFNs, this family of cytokines includes 14 IFN-␣ genes, IFN-␤ as well as IFN-, IFN-, IFN-, and a number of limitin genes (58) , all of which signal through the type I IFN receptor. Therefore, it may not be surprising that both positive and negative roles in disease have been attributed to this multifunctional cytokine family. Data presented in this study provide the first indication that the host response at a local T. cruzi infection site bears the signature of a type I IFN response, which is predicted to impart important immunomodulatory functions early in the infective process and ultimately effect the outcome of infection. Future studies will be aimed at understanding the role of type I IFN signaling in establishment of T. cruzi infection in the host.
